Background Magnetic resonance images of children with hydrocephalus often include a rim of hyperintensity in the periventricular white matter (halo). Objective The purpose of this study was to decide between the hypothesis that the halo is caused by cerebrospinal fluid (CSF) flow during the cardiac cycle, and the alternate hypothesis that the halo is caused by anatomical changes (stretching and compression of white matter). Materials and methods Participants were selected from a multicenter imaging study of pediatric hydrocephalus. We compared 19 children with hydrocephalus to a group of 52 controls. We quantified ventricle enlargement using the frontaloccipital horn ratio. We conducted qualitative and quantitative analysis of diffusion tensor imaging in the corpus callosum and posterior limb of the internal capsule. Parameters included the fractional anisotropy (FA), mean diffusivity, axial diffusivity and radial diffusivity. Results The halo was seen in 16 of the 19 children with hydrocephalus but not in the controls. The corpus callosum of the hydrocephalus group demonstrated FA values that were significantly decreased from those in the control group (P= 4·10 −6 ), and highly significant increases were seen in the mean diffusivity and radial diffusivity in the hydrocephalus group. In the posterior limb of the internal capsule the FA values of the hydrocephalus group were higher than those for the control group (P=0.002), and higher values in the hydrocephalus group were also noted in the axial diffusivity. We noted correlations between the diffusion parameters and the frontal-occipital horn ratio.
Introduction
Hydrocephalus is a common pediatric disorder often resulting from congenital malformations, hemorrhage, tumors, infection or spinal dysraphism. The disorder affects up to 1 per 1,000 live births [1] and is present in roughly one-third of all central nervous system abnormalities [2, 3] . It has been reported that each year 45,000 to 50,000 pediatric patients have shunt surgery, with an overall cost of approximately $2.0 billion [4] . It is thought that hydrocephalus occurs when the normal balance of cerebrospinal fluid (CSF) production and absorption is disturbed [5] . Treatment options for hydrocephalus include shunting procedures with ventricular drain, and endoscopic third ventriculostomy. Despite these treatment options, in-hospital mortality for hydrocephalus has been reported to be 2.6%, versus 0.4% for non-hydrocephalus pediatric patients [4] . This study separated rate of death from shunt-related admissions (including initial placement, malfunction and shunt-related infection), from rate of death from non-shunt-related causes.
The optimal imaging modality for hydrocephalus is MRI. MRI can provide anatomical as well as CSF flow information that can help predict the success of interventional procedures [6] .
Children with hydrocephalus have a variety of changes notable on MRI, including dilatation of the ventricles, especially the temporal horns of the lateral ventricles, CSF flow voids [6] , effacement of the cortical sulci, and in severe cases subependymal edema (transependymal flow) in the white matter adjacent to the frontal and occipital horns [7] . It has also been noted that children with hydrocephalus often have a rim of hyperintensity in the lateral periventricular white matter, best seen on MRI with fluid-attenuated inversion recovery (FLAIR) [6] or diffusion imaging (Fig. 1) . A continuous rim, or halo, can be seen in up to 51% of children with hydrocephalus and is possibly more common in obstructive hydrocephalus [8] . There are two hypotheses as to the cause of this hyperintensity. During systole, an increase in vascular volume leads to a shift of CSF flow from the intracranial ventricular system and subarachnoid spaces to the cisterns and foramen magnum, a process that is reversed during diastole [6] . These shifts in CSF flow with the cardiac cycle have been shown to be substantial in size [9] and may be linked to the rim of periventricular hyperintensity noted on MRI in children with hydrocephalus. Another hypothesis is that the hyperintensity in the periventricular white matter is caused by anatomical changes from hydrocephalus. Specifically, surrounding white matter structures may become compressed (corona radiata and internal capsule) or stretched (corpus callosum) as the ventricles increase in size.
Fractional anisotropy (FA) maps, calculated from diffusion tensor imaging (DTI), may be helpful in differentiating these hypotheses. FA defines the extent of diffusion asymmetry in a particular area of interest. Elevated FA implies a common direction and coherence of fibers in a particular region of interest, while a decrease of FA implies a loss in fiber coherence. FA can also be understood in terms of the difference between the axial diffusivity along the fiber direction and the radial diffusivity perpendicular to it. If periventricular white matter hyperintensity is caused by cardiac pulsations, there should be no change in the extent of anisotropy in these white matter structures. If, however, periventricular white matter hyperintensity is caused by structural changes, the value of FA could increase or decrease in the periventricular white matter because compression and stretching of fibers secondary to increased ventricular size could lead to changes in fiber coherence.
The purpose of this study was to assess whether periventricular hyperintensity in children with hydrocephalus is secondary to anatomical changes within the periventricular white matter or secondary to CSF pulsation from the cardiac cycle.
Materials and methods

Subject characteristics
All participants were selected from an ongoing multicenter, prospective, longitudinal imaging study of pediatric hydrocephalus. Cincinnati Children's Hospital Medical Center (CCHMC) and St. Louis Children's Hospital (SLCH) were the sites of recruitment and institutional review board approval was obtained at both institutions. Participants' parents gave consent when enrolled into the study according to institutional review board guidelines at both institutions. Nineteen children with hydrocephalus (8 from SLCH, 11 from CCHMC) and 52 control subjects (48 from CCHMC, 4 from SLCH) were recruited for this study between December 2009 and November 2013. All children presented with symptoms related to congenital hydrocephalus and required surgical diversion of CSF. Children with brain anomalies other than hydrocephalus were excluded (e.g., Chiari II with myelomeningocele, intraventricular hemorrhage from prematurity, traumatic brain injury, cerebral palsy, cortical dysplasia, and other neurological disorders that affect brain white matter integrity).
Magnetic resonance/diffusion tensor image acquisition MRI with DTI data were obtained prior to hydrocephalus treatment and were acquired on 1. ; number of averages 2). DTI FA images were qualitatively reviewed for the presence of a halo (Fig. 1) . The presence of the halo in a child was confirmed on transverse FA images if it was seen on more than half of the slices in which the ventricles were seen. MRI images derived from DTI were quantitatively reviewed and included: FA maps ( Fig. 1 ), mean diffusivity maps ( Fig. 1 ), axial diffusivity, radial diffusivity, and directionally encoded color maps (Fig. 2 ).
Quality control for diffusion imaging
The compatibility of MRI data acquired from different scanners at two research sites was established at the beginning of the study and was maintained rigorously throughout the study to assure the stability of scanner performance in geometric measurement, DTI measurement and signalto-noise ratio [10] . Measurements were compared annually across the two sites using a standard phantom and a traveling human phantom. Diffusion tensor imaging (DTI) DTI data processing was performed using DTIStudio 3.02 software (Johns Hopkins University, Baltimore, MD) [11] . The images were corrected for head motion and eddy current artifact in the preprocessing. Diffusion tensor was calculated using the standard method and was used to create FA, mean diffusivity, and directionally encoded color maps [12] . FA and mean diffusivity maps were analyzed for presence of a periventricular halo in any of the slices of the data set using DTIStudio. Directionally encoded color maps were used to assess periventricular white matter fiber orientation in the hydrocephalus group versus control group. Images were compared between the groups for fiber orientation and intensity [11] .
Further analysis of DTI parameters was conducted using Analyze (Mayo Clinic, Rochester, MN). FA values in the posterior limb of the internal capsule were obtained using bilateral regions of interest on the slice inferior to the point at which the internal and external capsules merge to form the corona radiata and in anterior-posterior alignment with the genu of the internal capsule. Values were averaged between the hemispheres, and the DTI parameter values in the posterior limb of the internal capsule were plotted against age in months at the time of the scan. An additional region of interest was selected in the genu of the corpus callosum. These DTI parameter values in the corpus callosum were also plotted against age at the time of the scan.
Frontal-occipital horn ratio
The frontal-occipital horn ratio is a common measure of ventricular size used to evaluate the degree of ventricular dilatation [13] . The frontal-occipital horn ratio was measured on a transaxial slice in the middle of the brain with maximal ventricular dimension.
Statistical analysis
To address the differential distribution of age in the two groups, we followed the methods of Mukherjee et al. [14] , conducting a non-linear regression of DTI parameters with age (t) using all data points and formulas of the form A-Bexp(-Ct), with A, B and C being estimated constants that describe the developmental trajectory of the DTI parameters. The resulting residual variation in DTI parameters after removing the effect of age was then used in group comparison. Statistical analyses were performed using a Student t-test for continuous variables. Linear regression was performed between the diffusion parameters and the frontal-occipital horn ratio. All computations were performed using MATLAB (version R2012a; MathWorks, Natick, MA). All tests were twosided unless otherwise specified, and a P<0.05 was used to indicate a significant effect.
Results
The average age at time of scan for the hydrocephalus group (n=19) was 30.2±57.9 months (range 1 day to 16.2 years) and for the control group (n=52) it was 25.9±30.9 months (range 9 days to 11.2 years). There was no statistically significant difference between the groups (P=0.29).
The average frontal-occipital horn ratio for the control group was 0.29±0.03, and for the hydrocephalus group it was significantly higher at 0.52±0.09. Within the hydrocephalus group, five children were classified as having mild ventriculomegaly (frontal-occipital horn ratio <0.45), six as moderate and eight as severe (frontal-occipital horn ratio >0.55).
The halo was best visualized on the FA maps (Fig. 1) , and in 16 out of 19 children with hydrocephalus the halo was present along the margins of the lateral ventricles on all slices in which the ventricles were visualized. The three children with hydrocephalus without a halo were from the mild ventriculomegaly group. No halo was seen in any of the controls. We also used the mean diffusivity maps to exclude the presence of surrounding edema, which would manifest as a rim of hyperintensity on the mean diffusivity maps. No children with hydrocephalus were found to have periventricular rims of hyperintensity on their mean diffusivity maps to suggest edema. Control subjects also had no evidence of a periventricular halo on mean diffusivity (Fig. 1) .
Directionally encoded color maps were qualitatively analyzed and they showed decreased intensity of the right-to-left crossing fibers in the corpus callosum in children with hydrocephalus compared to controls (Fig. 2) . These fibers demonstrated shifting of direction from medio-lateral to more supero-inferior fiber orientations from the draping of the corpus callosum over the enlarged ventricles. There was also blunting of color signal intensity in the periventricular white matter across all children with hydrocephalus.
Results of DTI values versus age at time of scan are shown for the corpus callosum in Fig. 3 and for the posterior limb of the internal capsule in Fig. 4 . The parameters for the nonlinear estimated best fit curve are provided in Table 1 . Further analysis was performed on the deviation of the DTI values from the estimated maturation curves (Table 1 ). In the corpus callosum the FA values of the hydrocephalus group were highly significantly decreased from those in the control group ); the axial diffusivity values (c) are not statistically different (P=0.097) (P=4·10 −6 ), and highly significant increases were seen in the mean diffusivity and radial diffusivity in the hydrocephalus group. In the posterior limb of the internal capsule the FA values of the hydrocephalus group were higher than those for the control group (P=0.002), and higher values in the hydrocephalus group were also noted in axial diffusivity. Linear regression plots between the diffusion parameters and the frontal-occipital horn ratio are presented in Fig. 5 . The coefficient of determination R 2 values and the corresponding P-values for these regressions are presented in Table 1 . Significant regressions for the corpus callosum were seen in FA, mean diffusivity and radial diffusivity. In the posterior limb of the internal capsule the only significant regression was with axial diffusivity.
Discussion
It has been shown that enlarged ventricles in hydrocephalus often lead to periventricular white matter injury [15] . Many children with hydrocephalus have an observed periventricular rim of hyperintensity on FLAIR and FA images (Fig. 1) . The hyperintensity may be segmental around the ventricle or may form a complete periventricular rim [8] . In the pediatric population, this may be the result of architectural changes within the periventricular white matter or potentially an artifact secondary to pulsatile CSF flow. This study addresses these two hypotheses.
Our results suggest that the periventricular hyperintensity seen on MRI in children with hydrocephalus is a result of architectural changes in the periventricular white matter caused by ventricular dilation and either white matter compression (in the posterior limb of the internal capsule) or stretching (in the corpus callosum). The changes observed using directionally encoded color maps, especially the changes in fiber orientation and the change in signal intensity, strongly suggest an architectural change resulting in periventricular white matter hyperintensity. These findings are not suggestive of pulsatile CSF flow, which would not be expected to affect the directionally encoded color.
Additionally, qualitative evaluation of our directionally encoded color maps suggests that the children with more severe hydrocephalus have greater changes in the directionally encoded color image. This can be explained by structural changes but would not be expected if the halo were caused by pulsatile CSF flow. The mean diffusivity maps do not demonstrate periventricular halos on any slices in either the hydrocephalus or control groups. The lack of signal change on the mean diffusivity maps excludes the presence of subependymal or transependymal CSF flow in our group, which would cause a uniform elevation in the mean diffusivity value, which we did not see in our data. Because FA is age-dependent [16, 17] , excluding age factor yields a more accurate comparison of differences between the groups. We used exponential formulas to describe the non-linear changes of FA with age [14] to correct for the age factor in our data. Our results show a highly statistically significant difference in FA between the hydrocephalus and the control groups in the corpus callosum and a significant change in the posterior limb of the internal capsule in the opposite direction. Stretching of the corpus callosum over the dilated ventricles would cause a relative thinning of the numerous cellular membranes, leading to a relative increase in radial diffusivity and mean diffusivity, which we clearly observed, and thus a decrease in FA values.
Compression of the posterior limb of the internal capsule secondary to ventricular dilation would cause a relative decrease in the extra-cellular space and an increase in crowding and alignment among the fibers of the posterior limb of the internal capsule, which would lead to increased coherence in the fiber tracts, resulting in elevated FA and axial diffusivity.
The plausibility of the explanation in regard to the stretching and crowding of the tissue is strengthened by the results from the linear regression analysis between the DTI values and the frontal-occipital horn ratio ( Fig. 5 and Table 1 ), which shows significance in the DTI parameters that are most significantly different between the groups and would be most affected by stretching and crowding. If the CSF pulsation were the main cause of periventricular hyperintensity a similar change would be expected in both the posterior limb of the internal capsule and the corpus callosum, which we do not see, and thus these results further support the architectural change hypothesis.
Of note, 16 of 19 children with hydrocephalus had FA periventricular halos on all slices along the lateral ventricles. This further supports the hypothesis that architectural changes are the cause of the periventricular hyperintensity. Had the halos been caused by CSF pulsation, they would likely not be seen on all slices of a Table 1 Non-linear regression analysis for comparison of diffusion parameter values between hydrocephalus and control groups in the corpus callosum (CC) (Fig. 3) and in the posterior limb of the internal capsule (PLIC) (Fig. 4) Parameter A, B, C of agecorrection curve a
Mean deviation controls
Mean deviation hydrocephalus
Age-corrected P-value Additionally, pulsatile motion of the CSF and the adjacent subependymal parenchyma is known to cause variable signal attenuation in diffusion imaging [18] that tends to reduce the FA, which would contradict the finding in the posterior limb of the internal capsule in our hydrocephalus group. Some caveats should be considered in the interpretation of our findings. First, this is a small sample size of children with periventricular hyperintensity on MRI, and the research study was not designed to specifically address the etiology of MRI periventricular hyperintensity in hydrocephalus. Although there was no statistically significant difference in the ages between the groups (P=0.29), there were more control subjects among the older age groups. This difference stems from the typical age in which children with hydrocephalus present with symptoms to the hospital. In children DTI values change rapidly and predictably as a function of age, so a correction for age was performed, and this represents a more accurate comparison of values between the groups. Another consideration is that none of our images was acquired with cardiac gating. Cardiac gating has been described as a method for reduction of the effect of pulsatile CSF flow, but at the cost of increased scanning time, which may not be realistic in our study population [18] . However, our results were consistent throughout all image slices for each hydrocephalus subject, making it unlikely that pulsatile CSF flow affected our analysis.
Despite these limitations, the results of our study strongly suggest that periventricular hyperintensity on MR images of children with hydrocephalus is caused by structural changes rather than secondary to CSF pulsation. Directions to further address this issue could include using cardiac gating in image acquisition, assuming this could be done without excessively extending the study length. Structural changes could then be assessed in the absence of potential CSF pulsation artifact. Additionally, quantitative measures similar to those presented in our study could be obtained in children before and after CSF diversion procedures to assess for degree of change after treatment.
Conclusion
Our results strongly support the hypothesis that periventricular hyperintensity on MRI in pediatric patients with hydrocephalus is caused by structural changes in the periventricular white matter rather than pulsatile cerebrospinal fluid flow.
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